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Abstract
Purpose Assessing impacts of abiotic resource use has been a topic of persistent debate among life cycle impact assessment (LCIA)
method developers and a source of confusion for life cycle assessment (LCA) practitioners considering the different interpretations
of the safeguard subject for mineral resources and the resulting variety of LCIA methods to choose from. Based on the review and
assessment of 27 existing LCIA methods, accomplished in the first part of this paper series (Sonderegger et al. 2020), this paper
provides recommendations regarding the application-dependent use of existing methods and areas for future method development.
Method Within the “global guidance for LCIA indicators and methods” project of the Life Cycle Initiative hosted by UN
Environment, 62 members of the “task force mineral resources” representing different stakeholders discussed the strengths
and limitations of existing LCIA methods and developed initial conclusions. These were used by a subgroup of eight members
at the Pellston Workshop® held in Valencia, Spain, to derive recommendations on the application-dependent use and future
development of impact assessment methods.
Results and discussion First, the safeguard subject for mineral resources within the area of protection (AoP) natural resources was
defined. Subsequently, seven key questions regarding the consequences of mineral resource use were formulated, grouped into
“inside-out” related questions (i.e., current resource use leading to changes in opportunities for future users to use resources) and
“outside-in” related questions (i.e., potential restrictions of resource availability for current resource users). Existing LCIA
methods were assigned to these questions, and seven methods (ADPultimate reserves, SOPURR, LIME2endpoint, CEENE,
ADPeconomic reserves, ESSENZ, and GeoPolRisk) are recommended for use in current LCA studies at different levels of recom-
mendation. All 27 identified LCIAmethods were tested on an LCA case study of an electric vehicle, and yielded divergent results
due to their modeling of impact mechanisms that address different questions related to mineral resource use. Besides method-
specific recommendations, we recommend that all methods increase the number of minerals covered, regularly update their
characterization factors, and consider the inclusion of secondary resources and anthropogenic stocks. Furthermore, the concept of
dissipative resource use should be defined and integrated in future method developments.
Conclusion In an international consensus-finding process, the current challenges of assessing impacts of resource use in LCA have
been addressed by defining the safeguard subject for mineral resources, formulating key questions related to this safeguard subject,
recommending existing LCIA methods in relation to these questions, and highlighting areas for future method development.
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1 Introduction
Given the importance of mineral resources for society and the
persistent debate about how mineral resource use should be
addressed in life cycle assessment (LCA), a wide variety of
impact assessment methods have been developed, each of
which assesses different aspects of mineral resource use.
Within the “global guidance for life cycle impact assessment
(LCIA) indicators and methods” project of the Life Cycle
Initiative hosted by UN Environment, a task force has been
established to develop recommendations on the LCIA of min-
eral resource use. This “task force mineral resources”
consisted of 62 members representing different countries and
stakeholders (academia, the metals and mining industry, other
industries, geological departments, consulting, and life cycle
inventory (LCI) database providers). While some members
followed the process passively, 23 contributed actively on a
regular basis, out of which 22 (mainly from academia, among
them many method developers) are co-authoring this paper.
As a first step, the task force described, discussed, and
assessed 27 existing impact assessment methods. Based on
this comprehensive review, which is published in part I of
this paper series (Sonderegger et al. 2020), as well as ear-
lier reviews and recommendations (e.g., EC-JRC 2011;
Sonderegger et al. 2017), the task force provided initial
conclusions regarding the use of existing methods and
areas for future method development. In parallel, the task
force articulated a precisely defined and agreed upon safe-
guard subject for mineral resources within the AoP natural
resources, which defines what actually should be protected
with respect to mineral resources in LCA. At the Pellston
Workshop® held in Valencia in June 2018, eight task force
members (5 from academia, 2 from consulting, 1 from the
oil and gas industry) refined the definition of the safeguard
subject and used the task force’s initial conclusions to de-
rive recommendations on application-dependent use of
existing methods and on future method development
needs. This paper presents the final reflections and recom-
mendations of the Pellston Workshop®.
The definition of the safeguard subject for mineral re-
sources is described in section 2. In section 3, a set of
impact assessment methods is recommended, addressing
seven different questions that stakeholders may have with
regard to mineral resource use. These methods are applied
on an LCA case study of a European-manufactured elec-
tric vehicle in section 4. Section 5 provides recommenda-
tions for further improvement of the existing methods and
new methodological developments.
2 Defining a safeguard subject for mineral
resources in LCA
Although the subject of mineral resource use has been
addressed in life cycle impact assessment (LCIA)
methods for more than 20 years (Guinée and Heijungs
1995) and more than 20 impact assessment methods have
been developed during this time, the safeguard subject
within the (AoP) “natural resources” is still debated
(EC-JRC 2010; Mancini et al. 2013; Dewulf et al.
2015; Sonnemann et al. 2015; Sonderegger et al. 2017).
Previous reflections on the safeguard subject range from
(1) the asset (natural resources as such independent of
their specific function), (2) the provisioning capacity
(the ability of natural resources to provide functions for
humans), and (3) global functions (additionally consider-
ing non-provisioning functions for humans and functions
beyond human needs) to (4) the supply chain (from the
provisioning capacity to products and services) and (5)
human welfare (including perspectives 2–4) (Dewulf
et al. 2015). Such different perspectives of “the problem”
with respect to mineral resource use are reflected in the
diverse set of impact assessment methods, which model
different cause-effect chains (Sonderegger et al. 2020).
To address this challenge, the task force used the out-
come of a stakeholder survey and workshop conducted
within the “Sustainable Management of Primary Raw
Materials through a better approach in Life Cycle
Sustainability Assessment” (SUPRIM) project (Schulze
et al. 2020). The majority of survey respondents indicat-
ed that they consider the following:
i) Humans as the most relevant stakeholders for mineral
resources, i.e., the focus is on the instrumental value of
resources for humans (rather than on the instrumental
value for ecosystems or any intrinsic value that might
be assigned to mineral resources)
ii) The technosphere as the system of concern, i.e., we are
mainly concerned about the availability of mineral re-
sources for use in the technosphere (even though some
minerals in the ecosphere also provide an instrumental
value for humans, e.g., sand filtering groundwater)
iii) Both primary and secondary supply chains as relevant
production systems, i.e., stakeholders are concerned
about the availability of mineral resources, regardless
of whether they are derived from primary or secondary
resources.
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After extensive discussions and several iterations within
the task force and at the Pellston Workshop®, the safeguard
subject was articulated as follows:
Within the area of protection “natural resources”, the
safeguard subject for “mineral resources” is the potential
to make use of the value that mineral resources can hold
for humans in the technosphere. The damage is quantified
as the reduction or loss of this potential caused by human
activity.
This definition reflects the three components of the
SUPRIM survey outcome. Further, it clarifies that mineral
resources first “hold” a value which humans “make use of”
in a second step. Accordingly, mineral resources were defined
as follows:
Mineral resources are chemical elements (e.g., cop-
per), minerals (e.g., gypsum), and aggregates (e.g.,
sand), as embedded in a natural or anthropogenic stock,
that can hold value for humans to be made use of in the
technosphere.
It should be noted that there are cases in which a min-
eral (e.g., chalcopyrite – CuFeS2), the contained elements
(Cu, Fe, and S – even if Fe ends up in the smelter slag for
economic reasons), or both (the mineral and the metals)
can be considered as “mineral resources” as all of them
can hold a value for humans in the technosphere. The
inclusion of both primary and secondary resources is not
considered a contradiction to the AoP “natural resources”
because all mineral resources – both primary and second-
ary – originate in nature. The degree to which existing
methods are compatible with this definition of the safe-
guard subject is one aspect considered in the recommen-
dation of methods.
3 Recommendation of methods for current
use in LCIA
The first part of this paper series (Sonderegger et al. 2020)
identified 27 existing methods to assess impacts of mineral
resource use. The wide variety of methods causes confusion
among LCA practitioners, and often the “wrong” method is
used to answer the “right” question. For instance, methods
assessing the long-term depletion of geological resource
stocks (e.g., the abiotic depletion potential) are often used by
LCA practitioners who are actually interested in the short-term
supply risk of raw materials (Fraunhofer 2018). This paper
builds on the description and categorization of methods
provided in Sonderegger et al. (2020) by providing further
guidance on the use of these methods.
At the Pellston Workshop®, seven questions that stake-
holders (policy, industry, consultants, NGOs, etc.) may have
with regard to mineral resource use were formulated (Table 1)
and grouped into two broad categories.
The first category of questions focuses on how the use of
mineral resources in a product system can affect the opportuni-
ties of future users to use resources (termed the “inside-out”
perspective), whereas the second category focuses on how en-
vironmental and socioeconomic conditions can affect the acces-
sibility of mineral resources for a product system (termed the
“outside-in” perspective). For the first category, five individual
questions are related to physical depletion, resource quality, re-
source quality change and its consequences, (economic) exter-
nalities due to overexploitation of resources, and thermodynam-
ics. For the second category, two questions were identified,
concerning the mid- and short-term supply of mineral resources.
Subsequently, the 27 methods were assigned to the ques-
tion(s) they address, and their capability to answer them was
assessed based on (a) themodeling approach, (b) the underlying
data used, (c) the coverage of characterization factors (CFs) as
analyzed in the method review (Sonderegger et al. 2020), and
(d) the degree to which existing methods are compatible with
this definition of the safeguard subject. Finally, the most appro-
priate method(s) for the specific questions were recommended
with a level of recommendation ranging from “suggested,” “in-
terim recommended,” “recommended” to “strongly recom-
mended” (Frischknecht et al. 2016). An interpretation of these
recommendation levels and more detailed criteria can be found
in the supplementary material. Limitations of recommended
methods have been made transparent to justify the level of
recommendation and to propose methodological improve-
ments. Also methods published after the Pellston Workshop®
in June 2018 (e.g., Bulle et al. 2019; Vogtländer et al. 2019)
could not be considered for recommendation but have been
included in the discussion if the methodological concepts have
been available to the task force (e.g., Huppertz et al. 2019).
Since most method developers contributed actively to this task
force and partly participated in the Pellston Workshop®, it is
unavoidable that methods get recommended whose developers
were involved in the recommendation process. Further, recom-
mendations were derived based on transparent criteria and in a
consensus finding process which involved all participants of the
Pellston Workshop®. The following subsection was written by
the members of the PellstonWorkshop®, who are co-authoring
this paper together with other active members of the task force.
To avoid different understandings of the recommendations and
rationales, the text below is only slightly modified from the
corresponding section in the Pellston Report (chapter 5.4 in
(Life Cycle Initiative 2019)).
Table 1 shows the two major categories of questions, the
seven individual questions, the methods available to answer
them, the recommended methods (bold), and the level of rec-
ommendation. In general, we recommend using the inside-out
related questions within environmental LCA and the outside-in
related questions within broader life cycle-based approaches,
such as life cycle sustainability assessment (LCSA). However,
it should be noted that this recommendation was strongly
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debated within the task force and at the PellstonWorkshop®. A
minority of the task force members and Pellston Workshop®
participants argued that outside-in related questions and
methods can be considered as part of environmental LCA.
The participants of the Pellston Workshop® did not intend
to reach consensus on which of the inside-out related ques-
tions is most relevant to LCA. We suggest that the LCA prac-
titioner considers the goal and scope of the LCA study to
determine the relevance of the question to the assessment.
There is also no recommendation on which of the outside-in
related questions is more relevant to broader life cycle-based
approaches. Thus, the level of recommendation denotes how
well the recommended method can answer the respective
question and should not be interpreted as an absolute judg-
ment. To enable a comprehensive analysis of the various im-
pacts of resource use on different aspects of the safeguard
subject, a broad set of the recommended LCIA methods can
be applied. If the practitioner simply selects the method with
the highest recommendation level (ADPultimate reserves), he or
she should be aware that the result is the answer to a specific
question only and cannot be used as a proxy result for other
questions (Table 1).
Table 2 provides more information about the geographical
resolution, the timeframe of impacts, the users affected, and
the number of CFs as related to the recommended methods.
The CFs of the recommended methods can be accessed via
links to the method developers’ websites and publications
provided in the supplementary material. As it can be seen,
most methods focus on metals, and only SOPURR and
CEENE provide a relevant number of CFs for minerals and
aggregates. A more comprehensive assessment of the recom-
mended methods, along with the remainder of the 27 methods
reviewed, can be found in the Supplementary Material to
(Sonderegger et al. 2020).
In the following, the recommended methods are described
and a rationale for their recommendation is provided along
with a discussion on limitations, which explain the level of
recommendation.
3.1 Question: How can I quantify the relative
contribution of a product system to the depletion
of mineral resources?
Recommended method: ADPultimate reserves (method from
Guinée and Heijungs (1995), CFs latest version at
CML (2016)
Level of recommendation: recommended
The ADP model relates annual extraction rates to a stock
estimate. As shown in Eq. 1, depletion is assessed using the
ratio of an extraction rate (E) to a stock estimate (R), and this
ratio is multiplied by a factor of 1/R to account for differences
in stock size (see Guinée and Heijungs (1995) for a detailed
explanation of modeling choices). Furthermore, the ADP is
normalized to antimony as a reference substance. Equation 1
Table 1 Questions related to the impacts of mineral resource use, methods
addressing these questions, recommended methods, and level of
recommendation. Colors of the questions indicate the link of the question
to the four method categories defined in Sonderegger et al. (2020): green,
depletion methods; yellow, future efforts methods; orange, thermodynamic
accounting methods, and blue, supply risk methods
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shows the calculation of the ADP (which serves as the CF for
a resource i relative to the reference substance antimony (ref)).
For ADPultimate reserves, the stock estimate R is the ultimate
reserves (also known as the “crustal content”).
ADPi ¼ CFi ¼ Ei=RiEref =Rref *
1=Ri
1=Rref
¼ Ei=R
2
i
Eref =R2ref
ð1Þ
According to Guinée and Heijungs (1995), the ultimately
extractable reserve is the only relevant stock estimate with
regard to depletion of natural stocks. However, given that it
depends on future technological developments, it can never be
known. Therefore, a proxy is needed, and “ultimate reserves”
is considered a better proxy than fluctuating stock estimates
like “resources” or “economic reserves” as defined by the US
Geological Survey (USGS), that provide a midterm perspec-
tive (a few decades). Alternatively, a simpler model without
extraction rates, such as those used in the EDIP and
LIME2midpoint methods, could be used. However, these
methods do not provide CFs based on crustal content but
economic reserves (although they could be easily calculated).
While we recommend using ADPultimate reserves as the baseline
method, we, along with the method developers (van Oers et al.
2002), recommend using alternative depletion methods – in
addition to ADPultimate reserves – for sensitivity analysis.
Regarding depletion of natural stocks, the ADP model is
valid and has also been recommended by other initiatives
(EC-JRC 2011). However, the need to use a proxy for the
ultimately extractable reserves is a limitation. With regard to
depletion of total stocks (i.e., natural stocks in the earth’s crust
and anthropogenic stocks in the technosphere), further limita-
tions should be acknowledged. The method does not distin-
guish between the part of the resource extraction that is occu-
pied for current use (but can be available for other uses in the
future) and the part that is “dissipated” into a technically and/
or economically unrecoverable form (the concept of dissipa-
tion is further discussed in section 5.3). By considering the
ultimate reserves as a resource stock, anthropogenic stocks are
not explicitly taken into account. However, it can also be
argued that anthropogenic stocks are implicitly included, as
there is no deduction of already extracted resources from ulti-
mate reserves. Further, anthropogenic stocks can be occupied
rendering them inaccessible during the life time of the stocks.
The AADP and AADP (update) models consider geological
and (estimated) anthropogenic stocks explicitly. However, be-
sides uncertainties involved in the determination of anthropo-
genic stocks, the use of extraction rates in the numerator of the
characterization model is considered an inconsistency as ex-
traction shifts mineral resources from geological to anthropo-
genic stocks. Until the concept of dissipation is operational-
ized, the ADPultimate reserves method could be interpreted as the
best available proxy for depletion of the total resource stock
and therefore is a recommended method. An update of the
ADP method was published during the processing of thisTa
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paper (van Oers et al. (2019)) but couldn't be considered by
the task force.
A minority of the Pellston Workshop® participants and
task force members disagreed with the level of recommenda-
tion of ADPultimate reserve. Since the method considers only the
extraction and stocks of mineral resources and neglects an-
thropogenic stocks and dissipation rates, the minority argued
that the recommendation level should be “interim recom-
mended” pending future methodological development.
3.1.1 Question: How can I quantify the relative contribution
of a product system to changing mineral resource quality?
Recommended method: none
This question refers to modeling approaches that evaluate a
change in resource quality without considering any conse-
quences of it. The only suitable method identified – ore grade
decline (Vieira et al. 2012) – is operational only for copper and
therefore is not recommended. Moreover, methods answering
the follow-up question (“How can I quantify the consequences
of the contribution of a product system to changing resource
quality?”) can be interpreted as proxy for the question posed
here, depending on modeling choices. For instance, the ore
requirement indicator (Swart and Dewulf 2013) and the surplus
ore potential (Vieira et al. 2017) methods quantify the amount
of surplus ore required to mine the same amount of metal –
which can be considered a consequence of a quality change.
3.1.2 Question: How can I quantify the relative consequences
of the contribution of a product system to changing mineral
resource quality?
Recommended method: SOPURR (Ultimate Recoverable Resource)
(Vieira 2018)
Level of recommendation: interim recommended
The surplus ore potential (SOP) (Vieira et al. 2017) method
measures the average additional ore required to produce the
resource in the future, based on resource grade-tonnage distri-
butions and the assumption that higher grade ores are prefer-
entially extracted.
A log-logistic relationship between ore grades and cumu-
lative extraction is developed for each resource “x” based
upon fitting regression factors (αx and βx) to the observed
(Ax; kgx) grade-tonnage distribution of deposits. Prior to this
procedure, an economic allocation of ore tonnage is per-
formed to account for potential co-production. An average
CF is developed by integrating along the product of resource
extraction (REx) and the inverse of the grade log-logistic rela-
tionship (OMx, the amount of ore mined per amount of re-
source x) from cumulative resource extraction (CREx) to the
maximum resource extraction (MREx) then dividing by total
remaining extraction (Rx). Therefore, the CF representing the
average surplus ore potential of each resource (SOPx; kgore per
kgx) can be expressed as:
SOPx ¼
∫MRExCREx;totalOMx RExð Þ dREx
Rx
ð2Þ
OMx ¼ 1Gx ¼
1
exp αxð Þ Ax;sample−CREx;sampleCREx;sample
 βx ð3Þ
As the total remaining extraction is unknown, it is ap-
proximated by demonstrated economic reserves and ulti-
mate recoverable resources (URR, approximated as 0.01%
of the resource within 3 km) to provide two sets of char-
acterization factors (SOPreserves and SOPURR). In the rec-
ommended version of the method (Vieira 2018), the set of
CFs for 18 resources based on the approach described
above (Vieira et al. 2017) was extended to 75 resources
through the extrapolation of SOP values using a correlation
between SOP and resource prices.
Other methods were not recommended for the follow-
ing reasons: ReCiPe2016 endpoint is based on “surplus
cost potential” (SCP) and uses a mid-to-endpoint conver-
sion factor based on copper, which may not be applicable
to all resources. The original SCP method (Vieira et al.
2016) and the ore requirement indicator (ORI) method
(Swart and Dewulf 2013) were not recommended as they
are based on regression data that were determined using
mined ore tonnage and mining cost data over a period
characterized by very high growth in mineral demand
and mineral price increases that significantly distorted
short-term mineral markets. Hence, the CFs developed in
those methods are highly sensitive to the underlying time
period, whereas SOPURR is based on grade-tonnage distri-
butions that are considered very robust for each deposit
type. ReCiPe2008 (Goedkoop et al. 2013) is based on data
for existing mines only and does not include data for un-
developed mineral deposits known to be available. Eco-
ind ica to r 99 (Goedkoop and Spr iensma 2001) ,
Impact2002+ (Jolliet et al . 2003), Stepwise2006
(Weidema et al. 2008; Weidema 2009), EPS 2000/2015
(Steen 1999, 2016), and thermodynamic rarity methods
(Valero and Valero 2014) are not recommended because
they do not model an ore grade decline (and its conse-
quences) based on extraction data but only consider an
assumed change in ore grades at a future point in time
(see section 6.2 in Sonderegger et al. (2019)).
A key limitation of the SOPURR method is that it assumes
mining from highest to lowest grade and does not explicitly
account for competing factors such as technological and eco-
nomic considerations (Sonderegger et al. 2020). However, the
marginal gradient of the grade-tonnage curves should provide
a good relative assessment between mineral resources, which
is useful for LCA purposes. The extrapolation of observed
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grade-tonnage data is also an assumption for the long-run
future and therefore impossible to prove or falsify.
Therefore, the SOPURR method (Vieira 2018) is only “interim
recommended.” Considering the limitations discussed above,
one task force member representing the exploration and min-
ing industry does not support this recommendation and pub-
lished a split view in parallel to this work (Ericsson et al. 2019)
in which the validity of the impact pathway addressed by
methods in this category is challenged.
3.1.3 Question: How can I quantify the relative (economic)
externalities of mineral resource use?
Recommended method: LIME2endpoint (Itsubo and Inaba
2014)
Level of recommendation: interim recommended
The LIME2endpoint method is based on El Serafy’s user
cost (El Serafy 1989). The user cost assesses the share of
the economic value of extracted resources that needs to be
reinvested to maintain the benefit obtained from the extrac-
tion of resources (Itsubo and Inaba 2014). The indicator of
LIME2endpoint expresses the economic externality of re-
source use in units of monetary value and is calculated as
follows:
CFLIME2endpoint ¼ R 1= 1þ ið ÞN
n o
=P ð4Þ
where R is annual profit of the target element; i is the
interest rate; N is ratio of economic reserves to production
(years to depletion); P is current annual production amount
of the target element.
The LIME2 method is recommended given that it incorpo-
rates uncertainty data and was the only peer-reviewed method
available in this category at the time of the Pellston
Workshop®. A fewmonths later, the future welfare loss meth-
od was published (Huppertz et al. 2019), which describes a
complementary impact pathway to the one modeled in
LIME2. While LIME2 assesses the potential externality of
lost future income due to a hypothetical lack of investment
of earnings from the sale of finite resources, the Future
Welfare Loss method assesses the potential externality of lost
hypothetical rents due to current overconsumption of the
resource.
The main limitations of the recommended LIME2endpoint
method are the uncertainty of determining the relevant interest
rate, different opinions on the applicability of the El Serafy’s
method (which estimates pricing failure in the market as a
whole society) to a specific mineral, and the limited number
of CFs (19 for mineral resources and 4 for energy carriers).
The LIME method has three versions (LIME/LIME2/
LIME3). LIME2 is the updated version of the original LIME
method, with the addition of uncertainty analysis. LIME3,
which was not yet published at the time of the Pellston
Workshop®, is an extended version of LIME2 with country-
specific (LIME and LIME2 provide generic CFs without con-
sideration of country-level differences in production and
reserves).
3.1.4 Question: How can I quantify the relative impacts
of mineral resource use based on thermodynamics?
Recommended method: CEENE (Dewulf et al. 2007)
Level of recommendation: interim recommended
The exergy of a resource is the maximum amount of
useful work that can be obtained from it when it is
brought to equilibrium with the environment (reference
state). As mineral resources differ from the reference
state with respect to their chemical composition and their
concentration, in principle they can produce work.
Although most mineral resources are not extracted from
nature with the aim to directly produce work, they still
contain exergy. For example, the copper in a copper de-
posit is much more concentrated and occurs in another
chemical form (e.g., CuFeS2) than the copper dissolved
in seawater (the reference state for copper). This distinc-
tion with respect to commonness makes a resource to be
valuable in exergy terms.
The cumulative exergy extraction from the natural environ-
ment (CEENE) method (Dewulf et al. 2007) aggregates the
exergy embedded in extracted resources (e.g., copper), mea-
sured as the exergy difference between a resource as found in
nature and the defined reference state in the natural environ-
ment. Using the definition of Szargut et al. (1988), the refer-
ence state is represented by a reference compound that is con-
sidered to be the most probable product of the interaction of
the element with other common compounds in the natural
environment and that typically shows high chemical stability
(e.g., SiO2 for Si) (De Meester et al. 2006). For metals,
CEENE calculates the exergy value of the mineral species
(e.g., CuFeS2) containing the target metal, making it indepen-
dent of the ore grade.
The Pellston Workshop® participants recommend the
CEENE method over other thermodynamic accounting
methods because it was originally operationalized to
LCA by proposing a more accurate exergy accounting
method than the one used in the Cumulative Exergy
Demand (CExD) method. For instance, in CExD the
exergy values of metals are calculated from the whole met-
al ore that enters the technosphere, whereas CEENE only
regards the metal-containing minerals of the ore (with the
argument that the tailings from the beneficiation are often
not chemically altered when deposited). While thermody-
namic rarity (TR) offers an alternative reference state
(Thanatia) and as opposed to the other approaches con-
siders ore grade in the evaluation of resources, it is not
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mature enough when compared to Szargut et al.’s (1988)
approach (used in CEENE).
Another method with a thermodynamics-based approach is
the solar energy demand (SED), which is based on the energy
approach (with a few differences in the calculation approach)
(Rugani et al. 2011). It considers the equivalent solar energy that
nature requires to provide a resource, which includes more ener-
gy than what can be used out of this resource. Therefore, the
method is less relevant than CEENEwith regard to the safeguard
subject of mineral resources.
As the focus of this work is on mineral resources, and the
overall (inside-out) concern is “changing opportunities of future
users to use resources,” the CEENE method is “interim recom-
mended.” A higher level of recommendation is not given be-
cause, although the CEENE method allows quantifying the
value of a resource in exergy terms, the approach, as currently
applied to mineral resources, does not fully reflect their societal
value as it leaves aside non-thermodynamic aspects.
3.1.5 Question: How can I quantify the relative potential
availability issues for a product system related
to physico-economic scarcity of mineral resources?
Recommended method: ADPeconomic reserves
Level of recommendation: suggested
Themodel for calculation of ADPeconomic reserves is the same
as in Eq. 1, but economic reserves are used as the stock esti-
mate R. The (economic) reserves are the part of known re-
sources that is determined to be economically extractable at
a given point in time. The extraction-to-stock ratio used in the
model can be interpreted as a scarcity measure, and accord-
ingly the CFs of ADPeconomic reserves provide a measure of the
pressure on the availability of primary mineral resources.
Given that the extraction rates are considered important for
this midterm perspective (a few decades), a model excluding
extraction rates – as used in the EDIP and LIME2midpoint
methods – is not recommended here.
The exclusion of anthropogenic stocks is considered a ma-
jor limitation because these stocks can strongly influence the
“resource availability for a product system” (Schneider et al.
2011). Unlike the ADPultimate reserves method, anthropogenic
stocks are not implicitly included in the natural stock estimate
of the ADPeconomic reserves method. Previous attempts to in-
clude anthropogenic stocks in the characterization model
(e.g., the AADP method, (Schneider et al. 2015)) still face
the challenge of considering how much of this stock would
become available within the time horizon considered by the
CFs.
Furthermore, the use of the economic reserves estimate is
problematic because historically it has actually grown in abso-
lute terms, and the extraction-to-economic-reserve ratios have
been relatively stable, indicating no increase in resource scarci-
ty. Furthermore, economic reserve estimates are highly
uncertain for by-products. Finally, the method has not been
explicitly developed to address outside-in questions, and con-
sequently the results need to be interpreted carefully. For these
reasons, the ADPeconomic reserves method is only “suggested.”
3.1.6 Question: How can I quantify the relative potential
accessibility issues for a product system related to short-term
geopolitical and socioeconomic aspects?
Recommended methods: ESSENZ (Bach et al. 2016) and
GeoPolRisk (Gemechu et al. 2015; Helbig et al. 2016;
Cimprich et al. 2017)
Levels of recommendation: interim recommended and sug-
gested, respectively
The ESSENZ method (Bach et al. 2016), which en-
hanced the preceding ESP method (Schneider et al.
2014), quantifies eleven geopolitical and socioeconomic
accessibility constraints (country concentration of reserves
and mine production, price variation, co-production, po-
litical stability, demand growth, feasibility of exploration
projects, company concentration, primary material use,
mining capacity, and trade barriers). Indicators for these
categories are determined and divided by a target value
above which accessibility constraints are assumed to oc-
cur. This distance-to-target (DtT) ratio is normalized by
the global production of the respective resource to reflect
the assumption that the accessibility constraints described
above can be more severe for resources produced in rela-
tively small amounts. Finally, the normalized DtT factors
are scaled (to a range between 0 and 1.73 × 1013 in each
category) to balance the influence of the LCI and the CFs
on the LCIA result and to ensure a similar range of CFs
among the supply risk categories.
The GeoPolRisk method weights the political stability
of upstream raw material producing countries by their
import shares to downstream product manufacturing
countries (Gemechu et al. 2015; Helbig et al. 2016;
Cimprich et al. 2017). It incorporates the country concen-
tration of production as a mediating factor in supply dis-
ruption probability arising from political instability of
trade partner countries. The logic is that highly concen-
trated production of raw materials limits the ability of
importing countries to restructure trade flows in the event
of a disturbance (such as political unrest) that may lead to
supply disruption. Domestic production is assumed to be
“risk-free” from a geopolitical perspective. The method
also incorporates a “product-level importance” factor that
effectively “cancels out” the magnitude of inventory
flows. The term “inventory flows” is used to encompass
both elementary and intermediate flows – as the total sup-
ply risk associated with a product system is a function of
its entire supply chain (for further explanation see
(Cimprich et al. 2019)).
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Comparing the two methods, the GeoPolRisk method
allows the consideration of the specific import structure
of a particular country, while ESSENZ takes a global per-
spective. Further, ESSENZ considers a broader set of po-
tential geopolitical and socioeconomic constraints and pro-
vides more CFs for mineral resources. Considering the re-
spective strengths of the two approaches, the ESSENZ
method is interim recommended to assess the supply risk
of multinational companies having locations all over the
world. The GeoPolRisk method is suggested to assess
country-specific supply risks arising from political insta-
bility of trade partners from which mineral resources are
imported. Both methods are usually applied outside an
LCA software because the elementary flows reported in
LCI datasets do not necessarily reflect the intermediate
flows or the material composition of products.
The ESSENZ and GeoPolRisk methods rely on the key
assumption that supply risk is a function of supply disruption
probability and vulnerability. They share the limitation of fo-
cusing on the supply risk of primary resources only and either
do not consider the country-specific import situation (as in the
ESSENZ method) or are limited concerning the accessibility
constraints considered (as in the GeoPolRisk method).
4 Case study
In order to illustrate the application of different methods,
all 27 identified methods were tested on a case study of a
European-manufactured electric vehicle (EV). The func-
tional unit is defined as 1 km traveled. The life cycle in-
ventory developed by Stolz et al. (2016), which comprises
the extraction of 34 primary mineral resource elements, 37
primary mineral resource aggregates, and 4 energy carriers,
has been used for this purpose.
Before presenting and discussing results, it should be noted
that the development of a life cycle inventory is controversial
with regard to mineral resources. The definition of elementary
flows and the allocation of metals in multi-metal ores (e.g.,
copper-gold ore) can be accomplished in two different ways:
either the metal content of the ores (e.g. Cu and Au) is con-
sidered the relevant elementary flows and allocated to the
produced metals (e.g., copper and gold) based on physical
mass balances and the remaining inputs and outputs (e.g.,,
gangue and emissions) based on economic or other relation-
ships (Fig. 1a), or the entire ore (e.g., containing Cu, Au, and
gangue) is regarded as the elementary flow and allocated to
the products using economic relationships (Fig. 1b).
a)
b)
Fig. 1 Addressing the issue of co-
production by allocating (a) the
metal inputs based on physical
mass balances to the products and
other flows based on different,
e.g., economic, allocation
parameters, or (b) the ore (instead
of its components) in the same
way as other elementary flows to
the products, e.g., via economic
allocation
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While the task force members could not agree to a recom-
mendation for one approach over the other, it should be noted
that the choice of the allocation procedure can strongly influ-
ence the resulting LCI: In the first case, the LCI reflects the
material composition of the product based on physical mass
balances. In the second case, the LCI reflects the environmen-
tal interferences related to producing one metal, which often
leads to the co-extraction of other metals. So the LCI can
contain metals which are not physically present in the product.
Considering the relevance of multi-metal ore allocation for
the LCI and the fact that it is handled differently in leading
LCI databases, the two allocation approaches are further de-
scribed in the supplementary material. In this case study, the
first option (allocation according to physical mass balances
and economic relationship) has been used to derive the LCI.
Figure 2 shows the LCIA contribution analysis for all the
minerals included in the LCI of the EV life cycle determined
by means of the seven recommended methods. Resources
contributing more than 10% each to at least one impact cate-
gory are presented individually, while the remaining resources
are summarized in the category “other resources.” As the
number of CFs differs between LCIA methods, and as the
methods partly cover different elementary flows, care should
be taken when interpreting the LCIA results to not confuse a
null value with a missing CF. We refrained from reducing the
LCI to the number of resources for which all methods provide
CFs. While this would ease the interpretation, it would reduce
the number of resources drastically and would not reflect the
“real” result which LCA practitioner obtain when selecting
one of the methods in an LCA software.
Before discussing the case study results in detail, it can be
seen that the findings are highly method dependent and hardly
any similarities regarding the contribution of resource uses to
the total results can be observed. While this might appear
confusing at first, such an outcome is logical because different
methods describe different cause-effect chains (Sonderegger
et al. 2020) and address different questions related to resource
use (Table 1). So it is clear that, e.g., a method assessing the
long-term depletion of geological stocks does not come to the
same results as a method analyzing short-term supply risks.
Despite being used in a relatively small amount in the LCI,
gold dominates the result for ADPultimate reserves due to its
relatively low abundance in the earth’s crust. In contrast, the
result of ADPeconomic reserves is dominated by tantalum as the
current economic reserves are under relatively high pressure
due to current extraction rates. Even though the reserve and
extraction data for tantalum can be considered uncertain, this
indicates a potential mid-term technology-driven, physico-
economic availability constraint. The different results from
the two versions of the ADP method reveal the strong influ-
ence of the respective stock estimates (ultimate reserves vs.
economic reserves) used in the characterization model (Eq. 1).
Fig. 2 Contribution analysis for case study of driving 1 km in an European-manufactured electric vehicle using the recommended methods (excluding
energy carriers and uranium)
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The use of copper makes a significant contribution for the
inside-out related methods (13–31%) but makes a smaller con-
tribution for the outside-in methods (0–5%). This result indi-
cates that short-term availability constraints for the use of cop-
per in electric vehicles are relatively small, though this current
use may affect the opportunities of future users to use copper.
Besides copper, nickel is another large contributor to the LCIA
results when using the future efforts methods (SOP and
LIME2) or the CEENE method.
Gravel causes a relatively high contribution to the LCIA
result obtained by the CEENE method and a noticeable con-
tribution to the result of the ESSENZ method, although the
CFs for gravel are relatively small in both methods. The rea-
son for this is the relatively large amount of gravel in the LCI
which includes the construction of roads. The other LCIA
methods do not provide CFs for gravel.
Cobalt and tantalum are the main contributors to the LCIA
results when using the outside-in related methods ADPeconomic
reserves and ESSENZ – despite the different scopes and
timeframes of these methods: mid-term physico-economic
availability for ADPeconomic reserves and short-term geopolitical
and socioeconomic accessibility for ESSENZ. It should be
noted that the GeoPolRiskmethod does not have CFs for these
minerals and that the ESSENZ method comprises eleven dif-
ferent supply risk factors that are not intended to be aggregat-
ed into an “overall” CF (Bach et al. 2016); aggregation was
performed in this case study for illustrative purposes only.
The differences in the LCIA results when using the
GeoPolRisk and ESSENZ methods can be explained by the
broader range of supply risk aspects considered in the
ESSENZ method, the different coverage of inventory flows,
the “canceling out” of mineral resource amounts in the
GeoPolRisk method, and the spatial resolution of the CFs
assessing the supply risk of European imports (GeoPolRisk)
or global production (ESSENZ). Further discussion of the
case study, results obtained by the supply risk methods is
provided in a separate publication by Cimprich et al. (2019).
The impact assessment results for all 27methods are shown
in Figs. S4 and S5 in the supplementary material along with a
more detailed comparison and discussion within the four
method categories (depletion, future efforts, thermodynamic
accounting, and supply risk) presented in Figs. S6–S13.
5 Recommendations for future method
development
Based on the review of methods by Sonderegger et al. (2020)
and on the findings of the case study presented above, we
provide recommendations for future method developments.
In the following subsections, we provide general recommen-
dations applicable to all methods along with specific recom-
mendations for each method category (depletion, future
efforts, thermodynamic accounting, and supply risk). Finally,
we provide recommendations to define the “dissipative re-
source use” and include it in the development of future char-
acterization models.
5.1 General recommendations
Across all method categories, the CFs need to be updated on a
regular basis, the number of CFs should be increased to cover
a broader range of inventory flows (especially currently un-
derrepresented minerals and aggregates), and uncertainties
should be addressed. Although the safeguard subject for min-
eral resources defined includes “chemical elements, minerals,
and aggregates as embedded in a natural or anthropogenic
stock,” the characterization models of existing methods con-
sider only primary resource extraction and natural stocks (ex-
cept for the AADP method, which also considers anthropo-
genic stocks). Therefore, secondary resources should be con-
sidered in future method developments in all method catego-
ries. To facilitate practical application of the methods, method
developers should coordinate with software developers to en-
sure that new methods and updated CFs are incorporated in
the latest versions of LCA software.
5.2 Specific recommendations by method category
5.2.1 Depletion methods
It is recommended to consider the full extraction rather than
the currently used net production, which neglects flows of
material ending up in tailings, waste rock, or as emissions to
nature. Considering the relevance of the anthropogenic stock
and “dissipative resource use” (see section 5.3) as the actual
reason for the depletion of total stocks (natural + anthropogen-
ic), the characterization models of depletion methods could be
adopted to reflect the dissipation of total stocks.
5.2.2 Future efforts methods
The future efforts methods based on ore grades have been crit-
icized for their assumption that preferential extraction of known
higher-grade resources will lead to long-term decline in the
average resource grade (Ericsson et al. 2019). The relative con-
tribution of extraction to declining resource grades in relation to
other contributing factors such asmineral prices and technology
has not been empirically validated. To validate the relative con-
tribution of extraction to ore grade decline, two approaches for
future studies are proposed: (1) to check whether the average
cutoff grade required to define newly discovered deposits at a
particular contained tonnage is declining over time; and (2) to
check whether contained resource tonnages of newly identified
deposits are declining when assuming constant resource cutoff
grades used in the definition of each resource estimate.
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Besides the need to validate the assumptions of existing ore
grade-based methods, it should be noted that ore grade is only
onemeasure of resource quality that influences future efforts for
resource extraction. This limited focus of existing methods calls
for the inclusion of other relevant aspects such as technology-
driven, physico-economic accessibility (e.g., depth, morpholo-
gy, and location), and mineral complexity (e.g., mineralogy,
particle size distribution and grain “texture”). Moreover, mining
costs andmined ore grades are heavily influenced by short-term
trends in market conditions. To ensure that CFs reflect relative
rates of declining resource quality, the short-term influences of
commodity prices should be controlled for. This is particularly
relevant for the ORI and SCP methods, which directly use data
from the mining industry for particular time periods. Therefore,
baseline ore grade and cost data over multiple commodity price
cycles should be used before these or similar methods can be
recommended.
The (interim) recommended SOPURR method has derived a
large share of its CFs from extrapolation of raw material
prices. Since extrapolation adds uncertainty, it would be pref-
erable to determine more CFs in an empirical way.
Additionally, there is lower confidence in the method’s under-
lying assumption of preferential extraction of higher-grade
ores for co-produced minerals, as the extraction of these re-
sources is heavily influenced by the extraction of the primary
“host” mineral. Further work to establish the strength of rela-
tionships between co-produced resource grades and host-
mineral grades may build confidence in the assumptions un-
derlying the SOP and other ore grade decline-based methods.
In an effort to bypass the uncertainties related to physical
models discussed above, the LIME2endpoint and Future
Welfare Loss method use economic relations to assess eco-
nomic externalities of current resource use. In addition to these
methods, there are other methods, from the field of environ-
mental economics, to assess economic externalities with a
main focus on the present generation. These different temporal
perspectives of economic externalities should be discussed
and reflected in future method developments.
5.2.3 Thermodynamic accounting methods
Thermodynamic accounting methods can be used to assess a
broad range of resources including fossil energy carriers, land,
wind (kinetic) energy, hydropower (potential) energy, and wa-
ter, among others. However, their meaning in the assessment of
mineral resource use is controversial, as thermodynamic indi-
cators, like exergy, only reflect certain physical characteristics
and hardly express the societal relevance and value of these
resources. To address this shortcoming and to link the exergy
(and energy)-based assessment models to the safeguard subject
for mineral resources, new exergy reference states or resource
availability information should be developed and integrated in
characterization models.
Moreover, the system boundaries between nature and the
technosphere should be specified (as discussed in the supple-
mentary material of Sonderegger et al. (2020)) in order to
clearly define the elementary flows for which exergy values
(serving as CFs) should be determined.
5.2.4 Supply risk methods
To enable a comprehensive assessment of supply risks, it is
recommended to consider the specific purchase structure and
supply chains of companies in addition to the currently avail-
able global (ESSENZ) or country-level (GeoPolRisk) assess-
ments. Although recycling can mitigate supply risks, recycled
materials can also be subject to accessibility constraints.
Furthermore, supply risks can occur along the supply chains
and intermediate products (e.g., copper alloys or semifinished
copper products) can be affected by accessibility constraints.
Therefore, future method development should consider geopo-
litical and socioeconomic accessibility constraints of secondary
rawmaterials and intermediate products in addition to currently
assessed primary raw materials. This recommendation illus-
trates a challenge for supply risk methods, which often provide
CFs for intermediate products (e.g., refined copper) rather than
the elementary flows (e.g., mined copper) usually reported in
LCI datasets. Further, it is recommended to include additional
factors, e.g., rawmaterial stockpiles (or “safety stocks”) held by
countries or companies to mitigate supply risk and provide an
immediate response mechanism in the event of supply disrup-
tion (Sprecher et al. 2017). Finally, the characterization models
of supply risk methods should be validated and refined using
empirical evidence of supply risk factors (e.g., through ex-post
analysis of time series data on commodity markets and geopo-
litical events).
5.3 Outlook on dissipation
A key point of discussion, both in the task force and at the
Pellston Workshop®, with regard to further method develop-
ment was the resource “dissipation” concept. The discussion of
mineral resource dissipation starts from the fact that mineral
resources are not “lost” for human use when extracted from
nature into the technosphere, as long as they can be reused,
recycled, or recovered in some way. Resources are only “lost”
if converted to an irrecoverable state, which could be called a
“dilution” loss (van Oers et al. 2002) or a “dissipative” loss
(Stewart and Weidema 2005). To operationalize this concept
in LCA, (a) the LCIs need to provide information about dissi-
pative losses in addition to the currently reported resource ex-
traction (where the main challenge occurs with regard to dissi-
pation in the use and end-of-life phases), and (b) LCIAmethods
should integrate dissipation into characterization models. To
date, neither of these conditions has been implemented, but
suggestions exist on how to deal with dissipation on both levels:
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5.3.1 LCI
Given the lack of inventory data to measure dissipation,
Frischknecht and Büsser Knöpfel (2013) and Frischknecht
(2014) suggest modeling dissipative use through an inventory
correction that credits recycled resources, and by applying
existing CFs on the resulting dissipative use of resources.
Zampori and Sala (2017) describe different alternatives on
how to structure LCIs to measure dissipation and provide
simplified case studies to evaluate the features of a
dissipation approach.
5.3.2 LCIA
van Oers et al. (2002) and van Oers and Guinée (2016) discuss
how the ADP characterizationmodel (Eq. 1) could be adjusted
to consider dissipation (or, in their terms, “dilution”) of min-
eral resources. The adjustment would replace the extraction
rate (E in Eq. 1) with the dissipation rate, or in their terms the
“leakage” rate (i.e., the dissipation from the technosphere to
the environment), and the natural stock estimate (R in Eq. 1)
with “the total reserve of resources in the environment and the
economy” (i.e., the total of the natural and anthropogenic
stocks).
To operationalize the dissipation concept in LCA, the fol-
lowing methodological issues still need to be resolved and
options to integrate these aspects in LCI databases need to
be found:
5.3.3 The dissipation threshold
The threshold between dissipative and non-dissipative mineral
resource use is not absolute but depends on technological and
economic factors, which can change over time. Furthermore, a
definition of resource quality is needed to set the quality
threshold beyond which a quality loss constitutes a dissipative
loss. Resource quality information, such as concentration,
would also need to be provided for resource inputs and out-
puts in life cycle inventories.
5.3.4 Dissipation within the technosphere
Dissipation to the ecosphere (i.e., the environment) occurs, for
example, by dispersion into irrecoverable concentrations in en-
vironmental compartments (air, water, and soil), whereas dissi-
pation within the technosphere may include the use of minerals
in alloys, whichmaymake a separation of the alloying elements
“essentially impossible” (Reck and Graedel 2012), or the un-
wantedmixing ofmetals in recycling processes (Reller 2016) or
low absolute amounts of resources in landfills making extrac-
tion unprofitable regardless of the concentration.. In both cases
– dissipation to the ecosphere and dissipation within the
technosphere – the dissipation implies that for the use of
another unit of the resource, additional resources will need to
be extracted either from the environment or from anthropogenic
stocks.
5.3.5 Occupation or borrowing use
Another issue with regard to a “loss” within the technosphere
is the issue of resource occupation or “borrowing” (van Oers
et al. 2002; Frischknecht 2016). As long as resources are in
use, they are not available for other users although they are not
necessarily dissipated (yet). This constraint to resource avail-
ability is not directly addressed by the dissipation concept.
Other constraints may similarly be overlooked, e.g., geopolit-
ical accessibility constraints. It is debatable whether resource
occupation beyond a maximum lifetime should be assessed as
dissipative use, as suggested by Frischknecht (2016).
6 Conclusions
The subject of mineral resource use has been a topic of persis-
tent debate among LCIA method developers and a source of
confusion for LCA practitioners given the variety of LCIA
methods to choose from. Based on the review of 27 existing
LCIAmethods assessing the impacts of mineral resource use in
LCA, accomplished in the first part of this paper series
(Sonderegger et al. 2020), this paper provides recommenda-
tions for application-dependent use of existing methods in
LCA studies and for future method development. As a starting
point, the safeguard subject for mineral resources within the
AoP natural resources has been defined. Accordingly, we for-
mulated seven key questions regarding the consequences of
mineral resource use (Table 1), which can be grouped into
“inside-out” (i.e., current resource use changing the opportuni-
ties for future users to use resources) and “outside-in” related
questions (i.e., potential resource availability issues for current
resource use). Existing LCIA methods were assigned to these
questions, and seven methods (ADPultimate reserves, SOPURR,
LIME2endpoint, CEENE, ADPeconomic reserves, ESSENZ, and
GeoPolRisk) are recommended for use in current LCA studies
at different levels of recommendation in relation to the ques-
tions they address. In general the levels of recommendation are
relatively low (1 recommended, 4 interim recommended, 2
suggested) indicating the need for methodological enhance-
ments across method categories. All 27 identified LCIA
methods were tested on an LCA case study of a European-
manufactured electric vehicle, and yielded divergent results
due to their modeling of impact mechanisms that address dif-
ferent questions related to mineral resource use. Besides
method-specific recommendations, we recommend that all
methods increase the number of abiotic resources covered, reg-
ularly update their CFs, and consider the inclusion of secondary
resources and anthropogenic stocks. Furthermore, the concept
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of dissipative resource use should be defined and integrated in
future method developments.
Acknowledgments We thank the other task force members for their par-
ticipation in the process and their valuable inputs to discussions. Special
thanks goes to Marisa Vieira (PRé Consultants) for providing her exper-
tise as a method developer, to Andrea Thorenz (University of Augsburg)
for supporting the supply risk discussions and to Johannes Drielsma
(Euromines) for valuable discussions and comments on the manuscript.
This work was supported by the Life Cycle Initiative hosted by UN
Environment.
Funding Information Open Access funding provided by Projekt DEAL.
Compliance with ethical standards
Disclaimer The views, interpretations and conclusions presented in this
paper are those of the authors and do not necessarily reflect those of their
respective organizations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
References
Bach V, Berger M, Henßler M et al (2016) Integrated method to assess
resource efficiency – ESSENZ. J Clean Prod 137:118–130. https://
doi.org/10.1016/j.jclepro.2016.07.077
Bulle C, Margni M, Patouillard L, et al (2019) IMPACTworld+: a glob-
ally regionalized life cycle impact assessmentmethod. Int J life cycle
assess 1–22. doi: https://doi.org/10.1007/s11367-019-01583-0
Cimprich A, Young SB, Helbig C et al (2017) Extension of geopolitical
supply risk methodology: characterization model applied to conven-
tional and electric vehicles. J Clean Prod 162:754–763. https://doi.
org/10.1016/j.jclepro.2017.06.063
Cimprich A, Bach V, Helbig C et al (2019) Raw material criticality as-
sessment as a complement to environmental life cycle assessment:
examining methods for product-level supply risk assessment. J Ind
Ecol (online first). https://doi.org/10.1111/jiec.12865
CML (2016) CML-IA Characterisation Factors - Leiden University.
https://www.universiteitleiden.nl/en/research/research-output/
science/cml-ia-characterisation-factors. Accessed 23 Jan 2019
De Meester B, Dewulf J, Janssens A, Van Langenhove H (2006) An
improved calculation of the exergy of natural resources for exergetic
life cycle assessment (ELCA). Environ Sci Technol 40:6844–6851.
https://doi.org/10.1021/es060167d
Dewulf J, Boesch ME, De Meester B et al (2007) Cumulative exergy
extraction from the naural environment (CEENE): a comprehensive
life cycle impact assessment method for resource accounting.
Environ Sci Technol 41:8477–8483. https://doi.org/10.1021/
es0711415
Dewulf J, Benini L, Mancini L, Sala S, Blengini GA, Ardente F,
Recchioni M, Maes J, Pant R, Pennington D (2015) Rethinking
the area of protection “natural resources” in life cycle assessment.
Environ Sci Technol 49:5310–5317. https://doi.org/10.1021/acs.est.
5b00734
EC-JRC (2010) International Reference Life Cycle Data System (ILCD)
Handbook: Framework and Requirements for Life Cycle Impact
Assessment Models and Indicators. European Commission, Joint
Research Centre, Institute for Environment and Sustainability, Ispra
EC-JRC (2011) International Reference Life Cycle Data System (ILCD)
Handbook: Recommendations for Life Cycle Impact Assessment in
the European context. European Commission, Joint Research
Centre, Institute for Environment and Sustainability, Ispra, Italy
El Serafy S (1989) The proper calculation of income from Depletable
natural resources. In: Environmental Accounting for Sustainable
Development. The International Bank for Reconstruction and
Development, The World Bank, Washington, D.C.
Ericsson M, Drielsma J, Humphreys D, Storm P, Weihed P (2019) Why
current assessments of ‘future efforts’ are no basis for establishing
policies on material use—a response to research on ore grades.
Miner Econ 32:111–121. https://doi.org/10.1007/s13563-019-
00175-6
Fraunhofer (2018) Science meets business workshop, march 6, 2018.
Germany, Stuttgart
Frischknecht R (2014) Impact assessment of abiotic resources: the role of
borrowing and dissipative resource use. LCA DF 55, Zuerich
Frischknecht R (2016) Impact assessment of abiotic resources: the role of
borrowing and dissipative resource use. Presentation at Ecobalance
2016
Frischknecht R, Büsser Knöpfel S (2013) Swiss eco-factors 2013 accord-
ing to the ecological scarcity method. Fed off environ FOEN 256
Frischknecht R, Fantke P, Tschümperlin L et al (2016) Global guidance
on environmental life cycle impact assessment indicators: progress
and case study. Int J Life Cycle Assess 21:429–442. https://doi.org/
10.1007/s11367-015-1025-1
Gemechu ED, Helbig C, Sonnemann G et al (2015) Import-based indi-
cator for the geopolitical supply risk of raw materials in life cycle
sustainability assessments. J Ind Ecol 20:154–165. https://doi.org/
10.1111/jiec.12279
Goedkoop M, Spriensma R (2001) The eco-indicator 99 a damage ori-
ented method for life cycle impact assessment - methodology report.
Ministerie van VROM, Den Haag
Goedkoop M, Heijungs R, de Schryver A et al (2013) ReCiPe 2008. A
LCIA method which comprises harmonised category indicators at
themidpoint and the endpoint level. Characterisation.Ministerie van
VROM, Den Haag
Guinée JB, Heijungs R (1995) A proposal for the definition of resource
equivalency factors for use in product life-cycle assessment. Environ
Toxicol Chem 14:917–925. https://doi.org/10.1002/etc.5620140525
Helbig C, Gemechu ED, Pillain B et al (2016) Extending the geopolitical
supply risk indicator: application of life cycle sustainability assess-
ment to the petrochemical supply chain of polyacrylonitrile-based
carbon fibers. J Clean Prod 137:1170–1178. https://doi.org/10.1016/
j.jclepro.2016.07.214
Huppertz T, Weidema B, Standaert S, Caevel D, Bernardvan Overbeke E
(2019) The social cost of sub-soil resource use. Resources 8:19.
https://doi.org/10.3390/resources8010019
Itsubo N, Inaba A (2014) LIME2 - Chapter 2 : Characterization and
Damage Evaluation Methods. Tokyo
Jolliet O, Margni M, Charles R et al (2003) IMPACT 2002+: a new life
cycle impact assessment methodology. Int J Life Cycle Assess 8:
324–330. https://doi.org/10.1007/BF02978505
Life Cycle Initiative (2019) Global guidance for life cycle impact assess-
ment indicators volume 2. Paris, France. https://www.
lifecycleinitiative.org/training-resources/global-guidance-for-life-
cycle-impact-assessment-indicators-volume-2/2019
Int J Life Cycle Assess
Mancini L, Camillis C de Pennington D (2013) Security of supply and
scarcity of raw materials
Reck BK, Graedel TE (2012) Challenges in metal recycling. Science (80-
) 337:690–695. https://doi.org/10.1126/science.1217501
Reller A (2016) Criticality of metal based functional materials – how
multi-functional trans-technical metal based materials are mobilized
and how they get lost by dissipation. Curr Opin Green Sustain Chem
1:25–27. https://doi.org/10.1016/J.COGSC.2016.08.001
Rugani B, Huijbregts MAJ, Mutel C, Bastianoni S, Hellweg S (2011)
Solar energy demand (SED) of commodity life cycles. Environ Sci
Technol 45:5426–5433. https://doi.org/10.1021/es103537f
Schneider L, Berger M, Finkbeiner M (2011) The anthropogenic stock
extended abiotic depletion potential (AADP) as a new
parameterisation to model the depletion of abiotic resources. Int J
Life Cycle Assess 16:929–936. https://doi.org/10.1007/s11367-011-
0313-7
Schneider L, Berger M, Schüler-Hainsch E et al (2014) The economic
resource scarcity potential (ESP) for evaluating resource use based
on life cycle assessment. Int J Life Cycle Assess 19:601–610.
https://doi.org/10.1007/s11367-013-0666-1
Schneider L, Berger M, Finkbeiner M (2015) Abiotic resource depletion
in LCA - background and update of the anthropogenic stock extend-
ed abiotic depletion potential (AADP) model. Int J Life Cycle
Assess 20:709–721. https://doi.org/10.1007/s11367-015-0864-0
Schulze R, Guinée J, Dewulf J, et al (2020) Abiotic resource use in life
cycle impact assessment—Part I- towards a common perspective.
https://doi.org/10.1016/j.resconrec.2019.104596
Sonderegger T, Dewulf J, Fantke P, Souza DM, Pfister S, Stoessel F,
Verones F, Vieira M, Weidema B, Hellweg S (2017) Towards har-
monizing natural resources as an area of protection in life cycle
impact assessment. Int J Life Cycle Assess 22:1912–1927. https://
doi.org/10.1007/s11367-017-1297-8
Sonderegger T, Berger M, Alvarenga R, et al (2020) Mineral resources in
life cycle impact assessment part I: a review. Int J Life Cycle
Assess. https://doi.org/10.1007/s11367-020-01736-6
Sonnemann G, Gemechu ED, Adibi N et al (2015) From a critical review
to a conceptual framework for integrating the criticality of resources
into life cycle sustainability assessment. J Clean Prod 94:20–34.
https://doi.org/10.1016/j.jclepro.2015.01.082
Sprecher B, Daigo I, SpekkinkW, VosM, Kleijn R, Murakami S, Kramer
GJ (2017) Novel indicators for the quantification of resilience in
critical material supply chains, with a 2010 rare earth crisis case
study. Environ Sci Technol 51:3860–3870. https://doi.org/10.1021/
acs.est.6b05751
Steen B (1999) A systematic approach to environmental priority strate-
gies in product development. Version 2000 – general system char-
acteristics. CPM - Centre for Environmental Assessment of Products
and Material Systems
Steen B (2016) Calculation of monetary values of environmental impacts
from emissions and resource use the case of using the EPS 2015d
impact assessment method. J Sustain Dev 9:15. https://doi.org/10.
5539/jsd.v9n6p15
Stewart M, Weidema B (2005) A consistent framework for assessing the
impacts from resource use: a focus on resource functionality. Int J
Life Cycle Assess 10:240–247. https://doi.org/10.1065/lca2004.10.
184
Stolz P, Messmer A, Frischknecht R (2016) Life cycle inventories of road
and non-road transport services
Swart P, Dewulf J (2013) Quantifying the impacts of primary metal re-
source use in life cycle assessment based on recent mining data.
Resour Conserv Recycl 73:180–187. https://doi.org/10.1016/j.
resconrec.2013.02.007
Szargut J, Morris DR, Steward FR (1988) Exergy analysis of thermal,
chemical, and metallurgical processes. Hemisphere
Valero AV, Valero A (2014) Thanatia: the Destiny of the Earth’s mineral
resources. WORLD SCIENTIFIC
van Oers L, Guinée J (2016) The abiotic depletion potential: background,
updates, and future. Resources 5:16. https://doi.org/10.3390/
resources5010016
van Oers L, Koning A de Guinée JB, Huppes G (2002) Abiotic resource
depletion in LCA
van Oers, L., Guinée, J. B., & Heijungs, R. (2019). Abiotic resource
depletion potentials (ADPs) for elements revisited—updating ulti-
mate reserve estimates and introducing time series for production
data. International Journal of Life Cycle Assessment. https://doi.org/
10.1007/s11367-019-01683-x
Vieira MDM (2018) Fossil and mineral resource scarcity in life cycle
assessment, available online: https://repository.ubn.ru.nl/handle/
2066/199716. Radboud Univ Nijmegen, Netherlands
Vieira MDM, Goedkoop MJ, Storm P, Huijbregts MAJ (2012) Ore grade
decrease as life cycle impact Indicator for metal scarcity: the case of
copper. Environ Sci Technol 46:12772–12778. https://doi.org/10.
1021/es302721t
Vieira MDM, Ponsioen TC, Goedkoop MJ, Huijbregts MAJ (2016)
Surplus cost potential as a life cycle impact Indicator for metal
ex t rac t ion . Resources 5 :2 . h t tps : / /do i .o rg /10 .3390 /
resources5010002
Vieira MDM, Ponsioen TC, Goedkoop MJ, Huijbregts MAJ (2017)
Surplus ore potential as a scarcity Indicator for resource extraction.
J Ind Ecol 21:381–390. https://doi.org/10.1111/jiec.12444
Vogtländer J, Peck D, Kurowicka D (2019) The eco-costs of material
scarcity, a resource Indicator for LCA, derived from a statistical
analysis on excessive Price peaks. Sustainability 11:2446. https://
doi.org/10.3390/su11082446
Weidema BP (2009) Using the budget constraint to monetarise impact
assessment results. Ecol Econ 68:1591–1598. https://doi.org/10.
1016/J.ECOLECON.2008.01.019
Weidema BP, Wesnæs M, Hermansen J, et al (2008) Environmental im-
provement potentials of meat and dairy products. Sevilla: Institute
for Prospective Technological Studies. (EUR 23491 EN)
Zampori L, Sala S (2017) Feasibility study to implement resource dissi-
pation in LCA
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
Affiliations
Markus Berger1 & Thomas Sonderegger2 & Rodrigo Alvarenga3 & Vanessa Bach1 & Alexander Cimprich4 & Jo Dewulf3 &
Rolf Frischknecht5 & Jeroen Guinée6 & Christoph Helbig7 & Tom Huppertz8 & Olivier Jolliet9 & Masaharu Motoshita10 &
Stephen Northey11 & Claudia A. Peña12 & Benedetto Rugani13 & Abdelhadi Sahnoune14 & Dieuwertje Schrijvers15,16 &
Rita Schulze6 & Guido Sonnemann15,16 & Alicia Valero17 & Bo P. Weidema18 & Steven B. Young4
Int J Life Cycle Assess
1 Chair of Sustainable Engineering, Technische Universität Berlin,
Office Z1, Straße des 17. Juni 135, 10623 Berlin, Germany
2 Chair of Ecological Systems Design, Institute of Environmental
Engineering, ETH Zurich, John-von-Neumann-Weg 9,
8093 Zurich, Switzerland
3 Department of Sustainable Organic Chemistry and Technology,
Ghent University, Coupure Links 653, 9000 Ghent, Belgium
4 School of Environment, Enterprise and Development, University of
Waterloo, 200 University AvenueWest,Waterloo, Ontario N2L 3G1,
Canada
5 treeze Ltd., Kanzleistrasse 4, 8610 Uster, Switzerland
6 Institute of Environmental Sciences (CML), Leiden University,
Einsteinweg 2, 2333 Leiden, CC, The Netherlands
7 Resource Lab, University of Augsburg, Universitätsstr, 16 (Building
I 2), 86159 Augsburg, Germany
8 RDC Environment, 57 Avenue Gustave Demey,
1160 Brussels, Belgium
9 School of Public Health, Environmental Health Sciences, University
of Michigan, Ann Arbor, MI, USA
10 Research Institute of Science for Safety and Sustainability, National
Institute of Advanced Industrial Science and Technology,
Tsukuba, Ibaraki 305-8569, Japan
11 Department of Civil Engineering, Monash University,
Clayton, VIC, Australia
12 ADDERE Research & Technology, Alonso de Ercilla 2996, Ñuñoa,
Santiago, Chile
13 Environmental Research & Innovation (ERIN) department,
Luxembourg Institute of Science and Technology (LIST), 41 Rue
du Brill, L-4422 Belvaux, Luxembourg
14 ExxonMobil Chemical Company, 5200 Bayway Drive,
Baytown, TX 77520, USA
15 Université de Bordeaux, ISM, UMR 5255, 33400 Talence, France
16 CNRS, ISM, UMR 5255, 33400 Talence, France
17 CIRCE Institute – Universidad de Zaragoza, Mariano Esquillor
Gómez, 15, 50018 Zaragoza, Spain
18 Danish Centre for Environmental Assessment, Aalborg University,
Rendsburggade 14, 9000 Aalborg, Denmark
Int J Life Cycle Assess
